On-tissue spatially-resolved proteomics provides a direct means to examine proteomic fluctuations at the cellular level in response to changes in the tissue microenvironment (1) . Its importance is evident in physiopathological diseases such as cancer, where proteomic analysis of the complete tissue does not take into account tumor heterogeneity and thus the cellular cross-talks occurring in different regions of the tumor (2) (3) (4) (5) (6) (7) (8) . Combined with MALDI mass spectrometry imaging (MSI) 1 , which can map the distribution of molecules (9, 10), on-tissue spatially-resolved proteomics can provide details of the molecular events occurring at cellular level in such discrete regions. In this context, our team made an ongoing effort to develop microscale techniques that can achieve reliable identification by shot-gun proteomics and quantification of proteins within an area of the most limited size, and correlate these expression changes with alterations in cell phenotypes and/or biological state (1, 11, 12) .
Liquid microjunction (LMJ) microextraction was the first technique developed for this purpose (11, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . LMJ is the application of a droplet (1-2 l) of solvent on top of a locally digested area, in order to extract peptides after on-tissue trypsin digestion. About 1500 protein groups from a tissue area of about 650 m in diameter corresponding to less than 1900 cells can be identified (1) . A method providing automatic microextraction and injection into the nanoLC-MS instrument from a tissue surface for shotgun microproteomics was also implemented. Thus an online LMJ coupling to on-tissue digestion using automatic microspotting of the digestion enzyme allows the analysis of a very limited area of the tissue section down to 250 m spot size (corresponding to an equivalent average number of 300 cells) (25) . Application to ovarian cancer resulted in the identification of 1148 protein groups (12) .
Parafilm-Assisted Microdissection (PAM) consists of mounting the tissue on a glass slide covered with a stretched layer of Parafilm M™ (17, 26, 27) . Regions of interest previously highlighted by MALDI-MSI are then manually microdissected. The microdissected areas are then submitted to in-solution digestion and nanoLC-MS/MS, allowing the identification and relative quantification of many proteins (17) . Application to prostate cancer biomarker discovery led to the identification of 1251 proteins, 485 of which fit the Fisher's test criterion. 135 were upregulated and 73 downregulated in 8 prostate cancer biopsies (27) .
All these strategies based on bottom-up proteomics remain limited as it is difficult to determine whether the protein is in its native or truncated form. Also, there is no direct information about post-translational modifications (PTMs), which often require specific enrichment steps. The top-down proteomics approach gives a unique solution for intact protein characterization with applications to monoclonal antibody characterization; de novo sequencing and PTM elucidation without any conventional PTM-specific enrichment usually applied for bottom-up strategies and has already proven disease-monitoring capabilities for various pathologies (28 -33) . However, this approach usually needs large amounts of protein samples and extensive fractionation techniques to be competitive with conventional bottom-up strategies in terms of unique protein IDs, mostly because of the need for accumulation of more microscans required for intact protein MS and MS/MS to generate spectra suitable for analysis. The molecular weight distribution tends to be restricted to lower molecular weight products as it remains challenging for the mass analyzer to measure the exact mass of high molecular weight compounds. Currently, top-down proteomics gives great opportunities for the better understanding of biological mechanisms and has been used complementary to bottom-up proteomics to gain information about PTMs, intact molecular weight and truncated forms of proteins, all of which can be critical for biomarker hunting. However, its association with tissue MALDI-MSI and clinical investigations remains rare but promising (34, 35) . Notably, one study involving on-tissue extraction and direct infusion of protein extracts permitted the detection of a specific proteoform in nonalcoholic steatohepatitis patient tissues that could not be reliably identified by the bottom-up approach, showing great promises for disease characterization (34, 35) .
Recently, it has been shown that the proteome of higher mammals might has been under evaluated. We recently demonstrated the presence of several proteins issued from a mature mRNA that is normally assumed to contain a single coding DNA sequence (CDS). These proteins, so-called alternative proteins (also known as microproteins, micropeptides and SEPs), are issued from alternative open reading frames (altORFs) (also known as smORFs and sORFs) and correspond to the hidden proteome (36) . AltORFs are defined as potential protein-coding ORFs exterior to, or in different reading frames from, annotated CDSs in mRNAs and ncRNAs. Indeed, proteins translated from nonannotated altORFs were detected in several studies by MS (36, 37) . AltORFs are present in untranslated mRNA regions (UTRs) or overlap canonical or reference ORFs (refORFs) in a different reading frame.
Thus, alternative proteins are not identical to reference proteins (36, 37) . For example, AltMRVI1, an alternative protein of the MRVI1 gene present in the 3ЈUTR region of the MRVI1 mRNA, has been shown to interact with BRCA1 (36) . Translation of altORFs in human mRNAs in addition to refORFs provides access to a large set of novel proteins whose functions have not been characterized, and that cannot be detected using conventional protein databases. Moreover, conventional bottom-up proteomics is not well suited for their analysis because these proteins are relatively small (between 2 and 20 kDa) and more often do not contain enzyme-cleavable sites. Thus, the number of enzymatically cleaved peptides generated is too small compared with those of reference proteins. Consequently, the probability of peptide and protein identification is poor, in the absence of low-mass protein enrichment steps. In this context, top-down proteomics offers better capabilities to detect alternative proteins, considering that no enzymatic digestion steps are used and this strategy is well suited to low-mass proteins.
In this article, further investigation of the hidden proteome on biological tissues was done. For this purpose, we developed a novel strategy based on MALDI-MSI coupled to ontissue spatially-resolved top-down proteomics to identify lowmass proteins and to localize them. We performed our analyses on rat brain to compare the reference proteome and the hidden proteome in different regions. Differential distributions of unique and common biological and functional pathways among the three different regions were then determined. A direct link can be drawn between the classes of proteins identified and the biological functions associated with each specific brain region. Interestingly, we identified different large peptide fragments from either neuropeptide precursors or from constitutive synapse proteins. These large peptides are different in each brain region and are in line with the presence of specific endocrine processing enzymes like prohormone convertases (38) , neutral endopeptidases (39), or angiotensin converting enzymes (40, 41) .
We also showed the presence of specific PTMs associated to each brain region and in relation with their local function. Moreover, we demonstrated the presence of novel proteins issued from alternative ORFs and specific for each brain region. Finally, we performed back correlation between the identified proteins and their relative quantification at a given cellular localization with MALDI-MSI. Taken together, we could depict a molecular proteomic pattern in three different rat brain regions in relation with the biological and physiological functions of each specific brain area.
EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale-We first acquired MS images of lipids. These images were subjected to spatial segmentation to identify regions of interest (ROIs) that can be subjected to LMJ or PAM spatially-resolved proteomics. For this purpose, several tissue sections were obtained from rat brain. LMJ and PAM were followed by top-down proteomics for protein identification from 3 different brain regions. Back correlation by MALDI-MSI was then performed (n ϭ 3). Reference and alternative proteins were thus identified and localized in the 3 rat brain regions.
Chemicals-MS grade water (H 2 O), acetonitrile (ACN), methanol (MeOH), ethanol (EtOH) and chloroform were purchased from Biosolve (Dieuze, France). The cleavable detergent ProteaseMAX was purchased from Promega (Charbonnieres, France). Parafilm M, 2,5-dihydroxybenzoic acid (DHB), sinapinic acid (SA), ␣-cyano-4-hydroxycinnamic acid (HCCA), aniline, sodium dodecyl sulfate (SDS), DL-dithiothreitol (DTT), trifluoroacetic acid (TFA) and formic acid (FA) were purchased from Sigma (Saint-Quentin Fallavier, France).
Tissues-Male Wistar rats of adult age were sacrificed by CO 2 asphyxiation and dissected. Brain tissues were frozen in isopentane at Ϫ50°C and stored at Ϫ80°C until use.
Tissue Section Preparation-For MALDI-MSI experiments, tissues were cut in 10 m slices using a cryostat (Leica Microsystems, Nanterre, France) and were mounted on Indium Tin Oxide (ITO) coated glass slides (LaserBio Labs, Sophia-Antipolis, France) by finger-thawing. For LMJ and PAM, MSI-adjacent tissue slices were cut at 30 m thickness. For LMJ, the tissues were mounted on polylysine glass slides (Thermo Fisher Scientific, Courtaboeuf, France) whereas for PAM, the tissues were mounted on Parafilm M-covered polylysine glass slides (17) . After tissue section preparation, the slides were immediately dehydrated under vacuum at room temperature for 20 min. The slides were then scanned and stored at -80°C until use.
Intact Protein Extraction Buffer-To ensure little-to-no protein hydrolysis by endogenous proteases, every step from buffer preparation to nanoLC-MS/MS analysis were carried out within the same day with on-ice conservation in between sample processing steps. A 1% solution of temperature-and acid-cleavable commercial detergent (ProteaseMAX) was prepared in 50 M DTT and was aliquoted and immediately stored at Ϫ20°C until use according to manufacturer's recommendations. The aliquots were processed the same day of sample extraction to ensure minimal degradation of the detergent over time. An aliquot was further diluted in ice-cold 50 M DTT to obtain a final detergent concentration of 0.1% and stored on ice until use. Each aliquot was used within the day without conservation of the remaining solution.
LMJ Experiments-To ensure optimal protein extraction, lipids were depleted from the tissue section by immersing the glass slides in consecutive solvent baths consisting of 70 and 95% EtOH (1 min each time) and chloroform (30 s) with complete solvent evaporation under reduced pressure at room temperature between each washing step. The slides were then re-scanned to obtain better optical images with better contrast as the washing steps improve the visibility of the structures on the tissue section. The tissue slide for LMJ extraction was placed on a TriVersa NanoMate instrument (Advion, Ithaca, NY). Proteins were then extracted from every ROI by completing six cycles of extraction consisting of pipetting up 1.5 l of detergent solution, dispensing 0.8 l of extraction buffer on the surface of the selected ROI with 10 iterations of up-and-down pipetting, aspiration of 2.5 l by the device and expulsion of 4 l from the pipette tip into a clean tube to ensure complete retrieval of the initial 1.5 l volume for each cycle. Per ROI, the final collected volume was 9 l; the extracts were immediately placed on ice until further processing.
PAM Experiments-10 l of extraction buffer was transferred into a tube. Selected ROIs were manually dissected using a clean scalpel blade and transferred into the protein extraction buffer. Excision of the ROIs was performed with the aid of a microscope. The samples were placed on ice until further processing.
nanoLC-MS/MS-The extracts obtained using either the LMJ or PAM approaches were sonicated for 5 min and incubated at 55°C for 15 min to ensure reduction of disulfide bonds. These were then quickly centrifuged to rally condensation droplets at the bottom of the tube. The parafilm pieces were then carefully removed from the tubes using a pipette tip and the tubes were then heated at 95°C for 10 min to ensure complete detergent dissociation. The tubes were then quickly centrifuged and placed on ice. 11 l of 10% ACN in 0.4% FA in water were added to each tube to obtain a final ACN concentration like initial LC gradient conditions and the samples were stored at 4°C until nanoLC-MS/MS analysis on the same day.
5 l of each sample was loaded onto a 2 cm X 150 m internal diameter (i.d.) PLRP-S (Varian, Palo Alto, CA) IntegraFrit sample trapcolumn (New Objective, Woburn, MA) at a maximum pressure of 280 bar using a Proxeon EASY nLC-II chromatographic system (Proxeon, Thermo Scientific, Bremen, Germany). Proteins were separated on a 15 cm X 100 m diameter i.d. PLRP-S column with a linear gradient of ACN from 5 to 100% and a flow rate of 300 nL/min. 10 l of the samples were also injected and separated using a 3-h gradient.
Data were acquired on a Q-Exactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a nanoESI source (Proxeon, Thermo Fisher Scientific, Bremen, Germany). 1.6 kV was applied on the PicoTip nanospray emitter (New Objective) and the spectra were acquired in data-dependent mode using a top 3 strategy. Full scans were acquired by averaging 4 microscans at 70,000 resolution (at m/z 400) within a m/z range of 800 -2000 with an AGC target of 1 ϫ 10 6 and a maximum accumulation time of 200 ms. The three most abundant ions with charge states superior than ϩ3 or unassigned were selected for fragmentation. Precursors were selected within an m/z selection window of 15 by the quadrupole and fragmented by averaging two microscans at a resolution of 70,000 with a Normalized Collision Energy (NCE) of 25. The AGC target was set to 1 ϫ 10 6 with a maximum accumulation time of 500 ms. Dynamic exclusion was set to 20 s.
Data Analysis-RAW files were processed with ProSight PC 3.0 or 4.0 (Thermo Fisher Scientifique, Bremen Germany). Spectral data were deisotoped using the cRAWler algorithm and searched against the complex Rattus norvegicus ProSightPC database version 2014_07. Using a similar approach, a second search was performed to detect alternative protein products, by interrogating RAW files with a concatenated custom database containing every reference proteins and their isoforms. These were generated from an in-silico transcriptome-wide translated database that contains every possible reference and alternative protein products from the Ensembl Rnor 6.0 transcripts sequence database with at least 30 amino acids (36) . For alternative protein identification, it was verified that the ID was coming from a specific precursor that was not identified during the reference protein search. Files were searched using a two-step search tree containing a 1-kDa precursor tolerant search ("Absolute") and a "Biomarker" search and MS/MS spectra were matched with sequences within a 15-ppm mass tolerance. Proteins were considered identified when one of the two steps gave expected values (E-value) inferior to 1 ϫ 10 Ϫ4 . Likewise, data from PMID 27512083 (42) were interrogated using the same search strategy with the concatenated database to identify alternative proteins that were not interrogated in the original publication.
As ProsightPC's "Absolute" search mode adds multiple identifications for a single spectrum, output files were filtered using a custom R script. For each identified spectrum, 1) the one with the best E-Value and (2) identification that had the closest experimental mass compared with ProsightPC database was selected, which were concatenated in a single table. In this table, the ProsightPC PTMs were considered true if this PTM matches both its theoretical and experimental masses. On the other hand, mass shifts that matched known shifts were annotated accordingly (e.g. ϩ80 for phosphorylation, ϩ42 for acetylation) whereas undescribed shifts were automatically marked as unmodified (supplemental Data S1). Finally, a nonredun-dant identification file was generated (supplemental Data S2) containing information about identifications, methods, ROIs, found modifications, E-values, best P-score, and spectral-count.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (43) partner repository with the data set identifier PXD005424.
Subnetwork Enrichment Pathway Analyses and Statistical Testing-Elsevier's Pathway Studio version 10.0 (Ariadne Genomics/ Elsevier) was used to deduce relationships among differentially expressed proteomics protein candidates using the Ariadne ResNet database (44, 45) . "Subnetwork Enrichment Analysis" (SNEA) algorithm was selected to extract statistically significant altered biological and functional pathways pertaining to each identified set of protein hits among the different groups. SNEA utilizes Fisher's statistical test set to determine if there are nonrandom associations between two categorical variables organized by specific relationships. Integrated Venn diagram analysis was performed using "the InteractiVenn": a web-based tool for the analysis of complex data sets (46) . See supplemental Data S3 and S4 for the listed differential pathways.
MALDI-MSI-DHB matrix (50 mg/ml in 6:4 v/v MeOH/0.1% TFA in water) was manually sprayed using a syringe pump connected to an electrospray nebulizer at a flow rate of 300 l/h under nitrogen gas flow. The nebulizer was moved uniformly across the entire tissue until crystallization was sufficient to ensure optimal lipid detection. The tissue was then analyzed using an UltraFlex II MALDI-TOF/TOF mass spectrometer equipped with a Smartbeam Nd-YAG 355 nm laser and controlled by FlexControl software (Bruker Daltonics, Bremen, Germany). Acquisition was performed in positive reflector mode with an m/z range of 50 to 900 and a spatial resolution of 300 m. Each image pixel was obtained by averaging 300 laser shots at a rate of 200 Hz. External calibration was performed using the Peptide calibration standard mix 6 (LaserBio Labs). Lipid ion distributions were generated using FlexImaging software version 3.0 (Bruker Daltonics).
For intact protein imaging, SA and HCCA liquid ionic matrices were used. These were prepared by dissolving the matrices in 7:3 v/v ACN/0.1% TFA in water containing 7.2 l of aniline at a concentration of 15 and 10 mg/ml, respectively. The matrices were deposited on the tissue sections using ImagePrep (Bruker Daltonics). Images were acquired using the UltraFlex II instrument in positive linear mode with an m/z range of 3000 -25000 and 2000 -25000, respectively, at 50 m resolution with the laser size set using "Medium" setting. Each image pixel was obtained by accumulating 500 laser shots at a rate of 200 Hz. External calibration was performed using the Protein Calibration standard I (Bruker Daltonics).
Image files were processed using SCiLS Software (version 2015b, SCiLS GmbH, Bremen, Germany). Baseline removal was performed by applying the tophat filter, and normalization was done based on total ion count (TIC). Peak detection was performed by orthogonal matching pursuit, and the peaks were aligned to the mean spectrum by centroid matching. The m/z intervals were set to Ϯ 5 Da. Spatial segmentation was made using the bisecting k-means algorithm using Manhattan distance calculation. After analysis, the ROIs were determined by selecting regions where the correlation distances were significantly distant from one another. The ion images of the individual peaks were plotted following medium denoising and automatic hotspot removal.
For back-correlation between protein MALDI-MS and top-down proteomics identification, spectra underwent realignment after m/z intervals were defined at Ϯ 5Da for both HCCA and SA images using SCiLS. The maxima of the m/z intervals obtained after peak detection (Observed M avg ) were individually matched with the average masses (M avgs ) of top-down-identified proteins derived from their measured monoisotopic masses (M mono. ). Matching was performed with ⌬M avgs Յ 6 Da all throughout the measured mass range and by considering that MALDI MS mass deviations tends to increase with high molecular weight. When available, tissue brain in situ hybridization images from Allen Brain Atlas (47) were added to analysis (supplemental Data S7).
Tissue Immunofluorescence-Immunofluorescence was performed on 10-m sagittal rat brain sections (supplemental Data S9). The sections were immersed in blocking buffer (PBS 1ϫ containing 1% bovine serum albumin, 1% ovalbumin, 2% Triton, 1% NDS, and 0.1 M Glycine) for 1 h. The primary antibodies monoclonal mouse Anti-GFAP (1:500, Millipore, Molsheim, France), Anti-Stathmin (1:100, Abcam, Cambridge, UK), Anti-␣-synuclein C-terminal (20 g/ml, Abcam) and Anti-BASP1 (1:100, Abcam) were diluted with the blocking buffer and applied to the sections except for the negative control where only the blocking buffer was applied. The sections were then incubated overnight at 4°C. The following day, the sections were washed three times with PBS 1x, and incubated for 1h at 37°C with the secondary antibody Alexa fluor donkey anti-mouse (1:1000, Life Technologies, ThermoFisher Scientific, Courtaboeuf, France) for Anti-GFAP and Alexa fluor rabbit anti-mouse (1:2000, Life Technologies) diluted in blocking buffer without 0.1 M glycine. Afterward, the sections were further washed with several changes of PBS 1x, stained with Sudan black 0.3% for 10 min to decrease the background generated by lipids, and were eventually counterstained with Hoechst solution (1: 10,000). The slides were then washed with PBS 1ϫ, and Dako fluorescent mounting medium was applied on the sections before putting cover slips. Confocal images were obtained using a confocal microscope (Leica Biosystems, Nussloch, Germany). Processing of the images was performed using Zen version and applied on the entire images as well as on controls.
RESULTS

Spatially-Resolved Top-Down Proteomics and MALDI-
MSI-Different types of molecules can be used in MALDI-MSI to determine ROIs from biological tissues such as lipids, endogenous or tryptic peptides and proteins. However, lipid MALDI-MSI is the most convenient to our approach as it gives good spatial resolution and does not need extensive sample preparation steps. Our first developments were performed on rat brain tissue sections (Fig. 1) . Different ROIs can be retrieved after lipid MALDI-MSI (Fig. 1A) followed by nonsupervised spatial segmentation analysis (Fig. 1B, bottom ) compared with the optical image (Fig. 1B, top) . Three ROIs in the hippocampus, corpus callosum, and medulla oblongata (Bregma Index lateral 1.90 mm) were selected for further processing as their segmentation profiles were sufficiently distinct.
Based on these selected ROIs, the two main strategies to perform spatially-resolved proteomics studies were then realized i.e. PAM (Fig. 1C) or LMJ (Fig. 1D) . Based on the identified proteins, our approach mostly enables identification of low molecular weight (from 1.6 to 21.9 kDa) and most abundant proteins. These two strategies allowed the identification of proteins that were common within the three regions as well as specific ones. Analyses of the three ROIs gave a total of 123 proteins identified (Fig. 1E and 1F , supplemental Data S1 and S2). One hundred eleven proteins have been identified in PAM and 45 in LMJ. The number of specific proteins identified is higher with PAM than with LMJ, which might be related to tissue washing steps prior to protein extraction and smaller area of extraction. By combining the two approaches, 15 specific nonredundant proteins were identified from the corpus callosum, 17 from medulla oblongata, and 24 from hippocampus ( Fig. 1E and 1F , supplemental Data S1 and S2). Thirty-five are common to the 3 brain regions; 16 are shared between corpus callosum and medulla oblongata, 8 between corpus callosum and hippocampus, and 8 between medulla oblongata and hippocampus. Most identified spectra exhibited a mass shift close to 0 Da (Fig. 1G,  inset) . The mass tolerant identification approach allowed characterization of modified forms of proteins, which can either be truncated compared with database prediction or modified (Fig. 1G ) in a similar fashion to what is described by Chick et al. (48) .
Systems Biology Analyses of the Identified Proteins-Functional enrichment analysis using Search Tool for Recurring Instances of Neighboring Genes (STRING, (49)) identified 4 GO terms associated with Molecular function: Hydrogen ions transmembrane transport (GO 0015078), Cytochrome-c oxidase activity (GO: 0004129), Ion transmembrane transporter activity (GO: 0015075), and Oxidoreductase activity (GO: 0016491). Systems biology analysis was then performed on the over-expressed proteins of each group for LMJ ( Fig. 2A ) and for PAM (Fig. 2C) . Differential distributions of unique and common statistically significant biological and functional pathways among the three different regions are depicted in Fig. 2A for LMJ and 2C for PAM, including 39 versus 18 pathways for corpus callosum, 91 versus 34 pathways for medulla oblongata and 31 versus 82 pathways for hippocampus (Please refer to supplemental Data S3 for the identity of each of the unique pathways). Combined differential pathways were analyzed across the three regions. Three pathways in LMJ versus 2 in PAM were shared between corpus callosum and medulla oblongata, 6 versus 15 pathways between hippocampus and medulla oblongata, and 5 versus 3 pathways between corpus callosum and hippocampus. Integrated Venn diagram analysis was performed using "the InteractiVenn": a web-based tool for the analysis of complex data sets (Figs. 3A-3B) (46) . See supplemental Data S3 for the listed differential pathways. Overexpressed proteins common to medulla oblongata and hippocampus (Fig. 3A) are involved in learning, epilepsy, neuronal activity and plasticity, neurotransmission and ischemia. For hippocampus and corpus callosum (Fig. 3A) , the identified proteins are mainly involved in neurogenesis, cell proliferation and oxidative stress. For medulla oblongata and corpus callosum (Fig. 3A) , the pattern is more related to cell damage and life span. The same analysis for unique pathways in hippocampus clearly showed protein patterns involved in neurogenesis, synaptogenesis, neurite outgrowth, neuroprotection, and axogenesis (Fig. 3B , supplemental Data S4). For medulla oblongata the proteins are mainly involved in pathways related to memory consolidation, epilepsy, cognition disorders, oligodendrocytes differentiation, amyotrophic lateral sclerosis, and spinocerebral ataxia type 1 (Fig. 3B) . For corpus callosum, the proteins are mainly implicated in beta thalassemia, anemia and related hemoglobinopathies (Fig. 3B) . All the results are in line with biological and physiological functions of these 3 brain regions.
PTM Analysis of Identified Proteins-PTM analysis of proteins from the 3 regions revealed the presence of 91 proteins that were identified with PTMs, of which, 29 were detected in the hippocampus, 40 in the corpus callosum and 37 in the medulla oblongata (supplemental Data S2). Interestingly, some proteins show region-specific PTMs (Table I, 
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stathmin in the corpus callosum (identified) and the hippocampus (detected but not identified) was the Nter-Acetyl ϩ 1 Phosphorylation, whereas in the medulla oblongata (identified) it was the Nter-Acetylation (Fig. 4) . Similarly, neurogranin was specifically phosphorylated in the hippocampus. Another example is the Astrocytic phosphoprotein (PEA-15), which was observed with a phosphorylated residue in the corpus callosum but not in the medulla oblongata (Table I and supplemental Data S2). Similarly, Parathymosin was identified with a mass shift of ϩ79.94 Da in hippocampus by two spectra and with 5.89 and 5.38 ppm mass errors compared with theoretical mass plus a phosphorylation, thus implying a phosphorylated residue (Table I , Fig. 1G and supplemental Data S1 and 2). These data clearly revealed that the PTM state of proteins is linked to the brain regions where they are localized, and consequently with the biological function of the protein in relation to the physiological function of the considered brain region.
Protein Fragments Linked to Brain Region LocalizationData analyses revealed the presence of protein fragments in the three brain regions (Table II and supplemental Data S8).
These fragments are derived from large proteins such as neuropeptide precursors (somatostatin, proenkephalin, secretogranin 1 and 2), Synuclein (alpha, beta and gamma), Synaptosomal associated protein 25, DNA-(apurinic or apyrimidinic) protein (APEX), Hematological and neurological expressed 1 protein (HN1), Myelin basic protein (MBP) and Thymosin beta 4. The generated fragments are linked to the presence of processing enzymes e.g. pro-protein convertases, neutral endopeptidases, angiotensin-converting enzymes and aminopeptidases, which are differentially expressed in the brain region (38 -41, 50, 51) . Neuropeptide fragment precursors, neuromodulin and secretogranin 1 are principally detected in hippocampus whereas fragments of MBP and somatostatin are detected in majority in medulla oblongata. HN1 fragments are detected in hippocampus, whereas Secretogranin 2 is present in both hippocampus and medulla oblongata.
Alternative Protein Identification-Three alternative proteins were detected in spatially-resolved top-down proteomics experiments. AltCd3e and AltMyo1f were detected in hippocampus using LMJ and PAM, respectively, and AltGrb10 was detected in the medulla oblongata using PAM (Table III) . These results suggest that the spatially-resolved proteomics strategy was suitable for studying the reference and hidden proteomes. We then enlarged this study by re-analyzing previous data obtained using whole rat brain sections (PMID: 27512083) (42) . Reanalysis of this dataset allowed the identification of 5 more alternative proteins (Table III, supplemental Data S6). These alternative proteins are translated from sequences located in mRNAs 3ЈUTR (AltSstr3, AltKcnq5, AltLdlr), 5ЈUTR regions (AltZbtb8a) of mRNAs and from a putative noncoding RNA (AltRn50_X_0580.1).
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Back Correlation to Localization by MALDI-MSI-Intact
protein MSI experiments were performed to show ion distributions of the proteins identified by top-down MS. To this end, two images were acquired; the first section was prepared with HCCA/aniline matrix and the second one with SA/aniline. The images were acquired only on the three ROIs specified in the previous imaging experiment. Peaks obtained from these images were then matched with the M avg derived from the top-down MS analysis performed on the entire rat brain tissue section. Thirty-five protein IDs obtained from the reference proteome were assigned to peaks obtained from both images with a ⌬M avgs cutoff Յ 6 Da (Fig. 5A-5D and supplemental Data S7). This includes five proteins previously matched also with top-down MS data, namely PEP-19 (Pcp4, Fig. 5D ), ubiquitin (Ubc), thymosin ␤-4 (Tmsb4x), thymosin ␤-10 (Tmsb10), and calmodulin (Calm1) (34) . Fig. 6A shows the ion image of m/z 4966 assigned as the intact form (as hematopoietic system regulatory peptide) of thymosin ␤-4 (monoisotopic theoretical mass ϭ 4960.49). The specific localization of m/z 4966 in the hippocampus can be clearly observed. Topdown data indicate that this isoform, detected as the [Mϩ5H] 5ϩ charge state, is the N-acetylated isoform after methionine excision (Fig. 6B) . Its distribution in the hippocampus in MSI correlates well with the top-down data where this form was detected using PAM. Furthermore, its detection by MSI and assignment of N-acetylation by top-down is in accord with the MSI database reported by Maier et al. (52) . Fig. 6C shows the mapping of m/z 5180 assigned as the C-terminal fragment of ␣-synuclein (observed as the [Mϩ4H] 4ϩ charge state in topdown, Fig. 6C) , showing its particularly intense distribution along the hippocampal dentate gyrus. Its distribution in the cerebral cortex observed in the ROI that includes the corpus callosum, was also detected in both MSI and spatially-resolved top-down proteomics. To verify the specific formation of this fragment, the putative protease cleavage sites found in the full amino acid sequence of ␣-synuclein was mapped using the PROtease Specificity Prediction servER (PROSPER, (53) , https://prosper.erc. monash.edu.au), where it can be observed that cleavage by matrix metallopeptidase 3 (MMP3) can induce the generation of the C-terminal fragment (Fig. 6D) . In situ hybridization of the genes that code for ␣-synuclein (Snca) and MMP3 in mouse brain obtained from the Allen Mouse Brain Atlas (http:// mouse.brain-map.org/) (47) confirms the distribution of ␣-synuclein (strong) and MMP3 (weak) along the mouse hippocampal dentate gyrus (Fig. 6E) . Localization of the ␣-synuclein was validated by tissue immunofluorescence showing strong signal in the hippocampus and corpus callosum and weak signal in the medulla oblongata (Fig. 6F) .
In addition to the ␣-synuclein, the distribution of proteins GFAP, BASP1 and stathmin were further validated by IF experiments. supplemental Data S9 shows the confocal images after immunostaining against GFAP (red), showing highly positive astrocytes (GFAP ϩϩϩ ) localized between the dentate gyrus and CA3 of Ammon's horn of the hippocampal formation. The signal is markedly absent in the corpus callosum and surrounding region (GFAP Ϫ ), and is slightly present in the medulla oblongata region (GFAP ϩ/Ϫ ) as evidenced by immunoreactivity of several astrocyte processes projecting in different directions. The specific localization of GFAP-positive astrocytes in the hippocampus was confirmed after gathering z-series of images at varying focal planes throughout the entire tissue thickness of 10 m. Likewise, GFAP was detected only in the hippocampus in MALDI-MSI and spatiallyresolved top-down proteomics experiments. Results for the other proteins tested are shown in supplemental Data S9. DISCUSSION We developed a novel strategy combining MALDI MS Imaging and spatially-resolved top-down proteomics to deter- mine localized proteoforms, including truncated forms, fragments, and possibly altprots. First, molecular histology was performed using MALDI-MSI and spatial segmentation to distinguish ROIs within a tissue. These ROIs were then subjected to protein microextraction with ProteaseMAX rather than SDS or organic solvents. Protein microextraction efficiency was confirmed by nanoLC high resolution MS/MS analysis of rat brain tissue because we identified many proteins (123) compared with the 36 previously identified from a whole tissue proteomics study that performed extraction using acidified MeOH (34) . Only 19 proteins were in common with those identified from this study. The 17 proteoforms absent in our study are small peptides less than 4500 Da and are more related to the neuropeptide family, e.g. chromogranin-A, cholecystokinin, proneuropeptide Y, secretogranin-2, proSAAS, cocaine-and amphetamine-regulated transcript protein, and oxysterol-binding protein, consistent with the brain regions selected in our study. Nevertheless, the common proteoforms identified are the same with the same PTMs. It is interesting to note that LMJ and PAM do not identify the same proteins and are thus complementary, giving a total of 123 protein IDs overall. For example, somatostatin and peptide 143-185 of proenkephalin-A were specifically identified in LMJ samples whereas ␣-synuclein and neuromodulin where specifically identified in PAM experiments. Considering that the average size of brain cells is 15 m and that we have microextracted 0.8 mm 2 with LMJ and 1 mm 2 with PAM, we estimate that we identified proteins from 4444 cells for LMJ and 5662 cells for PAM. By combining the two approaches, 15 specific and nonredundant proteins were identified from the corpus callosum, 17 from the medulla oblongata and 24 from the hippocampus (Tables I and II 8 between medulla oblongata and hippocampus. Proteins identified with PAM are mainly present in the cytoplasm (62%), mitochondrial membrane (9.3%) or organelles and plasma membranes (28.7%). With LMJ, the proteins identified are from organelles (51.5%) and the cytoplasm (47.7%).
These studies performed by spatially-resolved top-down proteomics are in line and complementary to our previous studies based on spatially-resolved bottom-up proteomics (1, 17, 27) as it gives information about the precursor mass and PTMs detectable by measuring the ⌬M(s) between the intact precursor within a close retention time window. Indeed, our approach successfully discriminate stathmin PTMs between different regions of rat brain tissue (Fig. 4) . We showed that stathmin is more abundant in corpus callosum and medulla oblongata and its PTM pattern is specific for each of these two regions. The ratio phospho-stathmin/Nter-Ac was significantly higher in the corpus callosum, suggesting a different biological activity in these two regions of the brain (Fig. 4) . Similarly, out of the 41 unique proteins that were identified with PTMs (supplemental Data S1 and 2), 22 had region specific PTMs (Table I ). The most prevalent PTMs are the N-acetylation of proteins and phosphorylation. For example, we found that ␣-synuclein presents one PTM, i.e. N-acetyl-Lmethionine in medulla oblongata, hippocampus and corpus callosum. In literature it has been shown that ␣-synuclein acetylation at Met in position 1 seems to be important for its proper folding (54) gata and N-acetyl-L-alanine plus O-phospho-L-serine in corpus callosum. None of them have been previously identified (56) .
In the same way, we identified protein fragments from proteins with distribution and presented a specific cleavage form across each brain region. Majority of the identified fragments are large neuropeptides like synenkephalin and secretogranins 1 and 2. These fragments are produced by enzymatic cleavage of the pro-protein convertase family like PC1/3, PC2 or PC5, PACE4 (38) . We previously demonstrated the role of these enzymes in proenkephalin maturation (51, 57) and found some of these neuropeptide fragments in temporal lobe epilepsy (58) and Alzheimer's disease (59), such as secretogranins for example. Synenkephalin is implicated in circadian rhythm in the hippocampus (60), Snap25 is implicated in synaptogenesis and memory consolidation (61) (62) (63) . As previously demonstrated, we confirmed that the somatostatin is present in medulla oblongata (64) whereas we showed for the first time the presence of the hematological and neurological expressed 1 protein in the hippocampus (fragment) and corpus callosum (full length after methionine excision).
Besides these novel protein fragments, another small family of proteins has been identified from the hidden proteome. In fact, more and more evidence suggests that mRNAs contain more than one coding sequence and could be translated into an annotated or reference protein and at least one alternative protein (36, 37) . We tested if our strategy was able to detect intact alternative proteins. We identified 3 alternative proteins (Table III) by the spatially-resolved top-down proteomics approach that share no sequence similarity with annotated rattus norvegicus proteins. Of the 5 novel altprots identified by reanalysis of the study on whole tissue sections (Alt-Kcnq5, Alt-Zbtb8a, Alt-Sstr3, Alt-Ldlr and a noncoding RNA AltRn50_X_0580.1), 3 of them are receptors as reference proteins i.e. somatostatin 3 receptor, potassium voltage-gated channel subfamily Q member 5, and low-density lipoprotein receptor. It is interesting to note that these 3 receptors are known to be expressed in hippocampus specifically (65) (66) (67) .
Back correlation of spatially-resolved top-down proteomics protein IDs with MALDI MS images allowed to localize 35 identified proteins (Fig. 5 and supplemental Data S7). The correlation included proteins with PTMs or enzymatic cleavage whose distribution varies differently in the 3 regions in line with identified biological processes taking place in each individual region. As an example, the truncated, N-acetylated form of thymosin ␤-4 was mapped in MSI and its distribution was compared with the result of the top-down data, showing good correlation of the results from the two approaches ( Fig.  6A and 6B ). The C-terminal fragment of ␣-synuclein likewise showed very good correlation of results (Fig. 6C) . More importantly, the distribution of this fragment in the hippocampal dentate gyrus in MSI can be correlated with the abundance of ␣-synuclein and MMP3 in the same region in ISH experiments on mouse brain. MMP3 can cleave ␣-synuclein at F 94 , yielding the natively unstructured C-terminal fragment aa 95-140 (5.74 kDa) (Fig. 6D and 6E ). Tissue immunofluorescence validated ␣-synuclein's localization showing strong signal in hippocampus and corpus callosum indicating the presence of the protein in these regions (Fig. 6F) . However, MALDI-MSI revealed that the C-terminal fragment has a strong and precise tissue localization in the hippocampal dentate gyrus and moderately around the corpus callosum, matching the MMP3 in situ hybridization (47) . This result exposes the great capabilities of spatially-resolved top-down proteomics associated to MALDI-MSI to detect and localize truncated proteoforms that can be challenging using antibody-based tissue characterization methods. Other MMP3-produced C-terminally truncated peptides of ␣-synuclein (aa 1-78, 1-91 and 1-93) have been reported under stress conditions, with aa 1-93 being implicated in dopamine neuronal loss in substantia nigra, suggesting that overexpression of the fragments could have a significant impact in Parkinson's disease (68) . What role aa 95-140 has in this regard thus needs to be further investigated.
Taken together, our results show that spatially-resolved top-down proteomics linked to MALDI-MSI can be used to search for biomarkers, PTM detection and to identify novel proteins expressed from altORFs.
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